Introduction
Experiments at low temperatures lead to the observation that ΔS and ΔC P approaches zero as the absolute temperature approaches zero. This lead to the statement of the third law of thermodynamics.
According to the Third Law of Thermodynamics, the entropy of all pure, perfectly crystalline solids is zero at the temperature of absolute zero: S m (solid, pure, perfect crystal) = 0 when T = 0 K We also know that the molar entropy at a given temperature can be found using heat capacity data:
where C p,m (T) is the molar heat capacity as a finction of T at constant pressure. Each substance in each phase has its own C p,m (T) polynomial. These polynomials are available in many texts and at the NIST web site. The polynomials were obtained by fitting a polynomial expression to available experimental C p data.
When using equation (1) one must also include phase changes.
Thus, to determine the molar entropy of a pure substance, one must use an expanded expression like equation (1) where the expansion considers the phases and the temperature ranges being considered as welll as the contribution to entropy due to any phase changes that occur in the path to the final temperature.
Since absolute zero is unattainable, an approximation needs to be made at the lower limit which might include the temperature range for 0 to 15 K. For most substances the Debye Third power law is used:
Some materials do not follow the third power law. See the note at the end of this document for details. Part 1 is a study of the heat capacity of silver as a function of temperature from 0 K to 300 K. Students are expected to use the template to construct a high quality plot of Cv vs T for silver by using non linear polynomial curve fitting. From this plot they gain insights into the process of curve fitting, the quality of the fit, and the quality of the fitting parameters.This part ends with students completing a corresponding study for beryllium. This provides insight into the standard heat capacity polynomials reported in the literature. Students then use their polynomials to compute the standard entropy of Ag and Be at 298.15 K. Both substances remain solid throughout the temperature ranges studied.
Part 2 extends the project to a study of SO 2 (g). This introduces the need for considering phase changes and heat capacities of different phases. This section developes the solid, liquid, and gas phase components separately. The components are then combined to obtain a complete heat capacity plot. The entropy of each of the individual components is calculated and the total entropy at 298.15 K obtained by addition, Part 3 is a master exercise to compute the entropy of water at 298.15 K.
Part I: Calculating the Conventional Entropy of Silver (s) at 298.15K
First, inport the heat capacity data and then fit a polynomial to the data. The data is contained in a separate file, silver.csv, that must be placed in the same folder of your computer as this Mathcad document.
NP 20 := NP = the number of data points. If you create a cvs file with more data points then you need to change this number for this document to work. If there are too few data elements in your cvs file the program also may not work. Always check compatibility of file and array sizes. i = the index used to label each data point. In this example there are 19 data points. N = the number of degrees of freedom.
Here the csv file is loaded into the document. The file silver.csv was created using Excel. It was then saved from Excel as a comma delimited text file. Each line in CP is a data pair. The first number is the temperature and the second is the heat capacity at that temperature. These are assigned to one-dimensional arrays (vectors), T and C . T i and C i are individual elements of these arrays.
Only some of the points are shown in the table on the left. All are present and each one can be viewed by changing the subscript on the C 11 term below. The task before us is to examine the data and to determine the best polynomial expression that represents the data. We can start by fitting the data to a cubic equation. (Refer to the fitting.doc or fitting.rtf document where a description of least squares fitting of polynomials to data is outlined. The variable names and matrix names used in those documents are not the same as the variable names used here in this document.) m is a range variable to set the maximum values of j and k. m =3 at the start of this exercise and was set to 3 using the global variable definition below. j and k run from 0 to m where m is the order of the polynomial to be fit to the data. For example a quadratic equation has m=2 but will have 3 fitting parameters The m=2 equation here is toggled off. The equation that globally defines m is given below near the graph of the polynomial. This placement permits easy experimentation later in the document without the need to scroll through the document many times. Later you will experiment with this value to get a good polynomial fit for the data.
By changing m below you can examine the effect of the order of the polynomial on the goodness of fit. The graph and fitting parameters are shown at the end of this document. The fitted polynomial coefficients are contained in the column vector called 'a.' The matrix equation that solves for 'a' is written just as you see it written on paper in the notes for this exercise.
This is the general expression for the polynomial that is fitted to the data. f(T,a) is the function that gives the heat capacity at temperature T. By varying T the appropriate heat capacity is calculated. ( Caution: if you set T to a specific value here in the document several operations below will be damaged.)
After a satisfactory polynomial is obtained, it is necessary to determine the goodness of fit of the the polynomial to the data and the variance in the fitting parameters. Note how the the equations from the notes are used.
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Computing a Standard Molar Entropy
We will apply Eq (3) to determine the molar standard entropy of silver at the desired temperature. We already have the heat capacity polynomial and only need to substitute it into Eq 3.
When we divide the polynomial by T, the first term (upon integration) becomes a natural log term. Notice in the integral, each parameter is raised to the j-1 power -this takes into account the division by T of each term. The heat capacity data has units of J/mol-K. Note: we are integrating from low T=30 K and using the low T approximation (see Introduction) for the portion below 30 K. 
Exercise 7: Entropy of Beryllium
Read in the data file for beryllium and calculate the conventional entropy of Be at 298.15 K.
To read in the data file: Right click on the "data disk" above (where the silver.csv file is read into the document) 1.
Select "Properties" and browse for the Be.csv file (it should be in the same directory as this 2. worksheet). Click on the "Be.csv" file. The heat capacity data was generated using information from the 3.
NIST website:http://www.cryogenics.nist.gov/MPropsMAY/material properties.htm. Change the value of NP to reflect the number of data points (remember to include the 0,0 4. point).
Change the value of m to find the best fit to the heat capacity data. 5.
Change the lower T limit to the appropriate value. 6.
Compare the calculated value for the conventional entropy to the CRC Handbook 7.
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This expression can be used to calculate the standard molar entropy of a sample that is a liquid at at any temperature where the substance is a liquid.
For a gas, the entropy of vaporization must be included, Eq 15, as well as the entropy change from a real gas to an ideal gas (since the standard state is an ideal gas), Eq 16 .
where the partial derivative is carried out at constant pressure. This term is small (usually less than 1 J/mol-K)
The standard state is also at 1 bar, so we use Boyle's Law to calculate ΔS for going from 1 atm to 1 bar:
This term is 0.109 J/mol-K Now we are ready to compute the standard molar third law entropy for SO 2 . We start by importing the C p data for solid SO 2 . Variable names are changed to avoid confusion with previous calculations. . Pulling all the "pieces" together. Now we can add all of the "pieces" together to get the total entropy: solid s to l liquid l to g gas real-ideal atm-bar 
